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ABSTRACT 

A  means  was  developed  for  measuring  the  relative  deflection  between  a 
point  in  a  concrete  highway  slab  and  a  point  in  the  earth  beneath »  This 
method  was  applied  at  a  p5.1ot  section  of  U0S,     ire  10  simultaneous 
measurements  were  made  for  5   vehicle  p©sif;  le  loads,  and  5 

vehicle  speeds 0  Over  2,250  individual 

All  records  were  made  using  a  14-ehanne  ped 

as  part  of  the  project.,  '"Jhe  system  was  designed  sp;  r  use  with 

Schaevitz  Q40L  and  125S~L  linear  variable  >n=» 

sistsd  of  two  separable 

tape  recorder,  and  a  pi     :k  device a  ;auld  b* 

t©  record  14.  simultaneous  events  on  could  be  eepar? 

into  two  units,  each        could  be  used  record 

galvanometers o 

An  analysis  of  variance  At  <sre<  p  speeds 

the  range  of  ©bservatio. 

placed  the  mean  within  a  band  i  of  the 

maximums  ©f  10  observations.  At  speeds  of  It 

plaeed  the  mean  within  a  ba  of  the 

maximums  of  30  observatioi 

A  method  was  proposed  for  defining  and  c 
constants 0 

An  investigation  of  earth  motion  bene 


PURPOSE 

The  purposes  of  project  C-36A  as»es 

To  develop  mobile,  sensitive,,  simple  to  operate  equipment 

that  will  re;c©rd  the  deflections  of        pavement; 

To  attempt  to  determine >  in  terms  and  damping 

constants,  the  relative  support  gf  the 

nine  concrete  highway  sub-baes  3ttbgrade  systems.,  located 

on  UoSo  Highway  ,',1   near  0; 

To  record  the  changes  in  surf       or  of  the  nine  e 

crete  highway  subgrade  sub-base  systems  a.      i  vehicles 

are  driven  over  them| 

To  attempt  to  analytically  solve  the  problem  of  a  concrete 

highway  on  a  damped  elastic  foundation D 
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hum  or  in  detarmix 

the  tine  the  abcr 
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tdy  of  : 
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'.  its  cent:  .. 
tra  -as  placed  on  a  r 

it  was  discoversd  ti 

as  th 
absolute  deflections  of  the  pa 

A  ssrf.es  of  testa  desig  ■:lng 

depth  was  rcade  in  both  a  cut  and  a  I:  ;>ute  42  ssta 

made  in  the  fill  section  were  i  in  the  cut  section 

assumption  that  the  load  bearing  teristi  gad 

with  environmental  cone  is  decic  la  a  con  sod 

for  each  series  of  me  asurenients  „     During  ea         :  ling  wa 

3d  by  1 

control  could  ba  applied  as  eorr  iation 

first  the  control  rod  was  placed  iv© 

on  as  in  the  test  slab.-,  It  was  dlscove  posedly 


in  the  control  installation  and,  therefore, 
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A  series  of  measurements  « 
The  same  vehicles  used  in  the  earlier  tests  were  again  used  and 
were  made  for  five  vehicle  positions j  thre<  ,  and  £: 

speedi  . 
ability  in  vehicle  spaed  and  lateral  positio         Lcle  n?a< 
secutive  runs  in  the  si 
of  measurements  Lso 

A   series  of  Wets' 

the  load  t 

center  of  the  driving  1  .  .     is  Stat©  K  d  over 

the  transducer  at  creep  speed  at  15  join  riod 

of  the  tes  to  2  PA 

deflection  with  this   same  loa  Lly 

approximately  2-1/2  times  as  great  a 

also  observed  ; 

continually  mc 

In  order  to  d at  ermS 


gag  of  Tests 

center  line  of 

.'. 
■....■       j  instd 

- 

20 

A  re present ive  deflection  record  is  shown  on  ?>n£e  1#. 
A  summary  of  measurements  nade  during  !  N»r  1*">55  is  shown  on 

napes  19  thru  31 »  ,„ 
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rims  at  20  i  ck 

and  deflection  «as  measured  aim!  ym  in  the 

pavesnent. 

The  2.0  mgh  speed  was  used  because  it  was  .felt  that  the  greatest 
variability1'  in  resi  of      vehicle 

speed  find  posit!  ability 

is  present  as  ii  ga »       Wi-" 

thirty  essgOLss  s©  can  be  99  ps 
maadmuia  deflection  falls  in  a  band  ,  at. 

Since  the  study  at  5 
reduction  elieve 

that  the  v.  an  is  p;  sat 

rather  than  to  randosa  ;r  -lag  devices. 

MBaanresaE  ihe 

rate  of  chants  of  defls  oclty. 

Analysis  of  these  r«  «Meh  limits 

can  be  set  for 

In  addition  to  saa  ehiele 

passed  ox^er  i  .lament  a  measure  ;:_'ie 

tisae  the  30  runs  were  te    .  ;@  .are 

also  plotted  on  page    34   . 

A  licear  regression  aaalyi  ving  ijaveraent  drift  to  the 

ateasuresient  of  load-caused  defleetic  2,  B-3j  3-*K  and 

B«5«      St*"  this  series  cf  laeaem  gaifieant  eorre3.a- 

tion  at  the  one  per  cent-  level* 

Jr 
Sfce  tabulated  data  for  <.rport  tests  are  shown  on  page    3^   , 
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A  METHCD  FCR  OBTAINING  THE  ELASTIC  AND  VISCOUS  DAT^P: 
CONSTANTS  FOR  A  CONCRETE  PAVEMENT  UNDER  A  LOAD  MOVING  WITH  CONSTANT  VELOCITY 

The  following  method  is  an  adaptation  of  a  solution  for  the  "Steady 
State  Vibrations  of  Beam  on  Elastic  Foundation  for  Moving  Load",  by- 
Jo  T.  Kenney,  Jr«,  Project  Engineer,  Sandberg-Serrsll  Corp.,  and  presented 
at  the  ?fest  Coast  Jfeeting  of  the  Apnlied  Mechanics  Division  of  the  A.S.M.E. 
This  paosr  was  published  in  the  December,  1954*  Journal  of  Apnlied  Mechanics. 

The  dynamics  of  a  moving  load  on  a  beam  on  an  elastic  foundation  has 
been  treated  previously,  but  the  paper  by  Kenney  is  the  first  where  damping 
action  was  considered „ 

It  is  proposed  to  anply  Kenney °s  solution,  to  the  concrete  pavement 
problem,  by  assuming  that  tie  can  load  the  pavement  continuously  in  a 
transverse  direction  thereby  simulating  hean  action. 
Assumptions 

In  addition  to  the  usual  assumptions  made  in  beam  theory  the  following 
additional  assumptions  are  made* 

(a)  The  pavement  is  assumed  to  be  infinitely  lorigo 

There  is  no  shear  or  moirserit  along  the  edges  of  the  pavement 
©r  foundation,. 

atior 

For  x  «  0  equations  (14.)  in  paper  by  Kenney  both  reduce  tos 


(i)     u  =  j-*_  r 2 ■ ?i 
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where  7]  is  the  positive  real  root 

6   &   4    s    4      \    &       *  a 

(2)  7] >ac 7j V ( e  -  ? )  17  --  e/s  -  o 

which  is  equation  (i?)  in      >er. 

the  /.....        .;  coc   :;  ttached 

to  the  .  •  / 

The  significance  c     . 
pavescr.t  dirsc  ^sr  the  lc    ., 


S  Lc         ■  '.  )    c  ail    ;.  :  i    -  : 


L  Vct  i 


*-■  r*  ^ 


-  .       -     -  r        c 

7]    —    J  -  —         -zz 

L  Vc"v"J     L    *-c*-  j 
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(2) 
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c 
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"-*- 


*~or  i 


=   O 


it 

j/ 

SiriCo  v  =  o  tl  "  u     "T^y.  - 

(2)  reduces  to         f]    ■    ■  (1)  - 
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_   - 
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^f- 


o-v 
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Nomenclature 

P        ■  applied  load,  lba<. 

A       *  3tatic  wave  characteristic  9  l/iuu  ■  {  ~~jL~,  ) 

4  EI 

k   *  spring  constant  per  unit  length  of  baas,,  Xb*/in<> 

E   «  modulus  of  elasticity 9  pel 

- 
I   »  moment  of  inertia  of  beam,  ifto ' 

"Y|   ■  numerical  coefficient 

€?   *  velocity  ratio  «  _JL«, 

v 
cr 

^  e  critical  velocity a  ine/eec'o  * 

/^  *  aass  per  unit  length  of  beam*  lb©  see<>  /in* 

/£   »  ratio  of  damping  coef ..:     bs  -  ..JL, 

°cr 

e   ■  coefficient  of  viscous 

ccr,  «  coefficient  of  critical  daaplng  «  2{k  /®  )""' 
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A  STUDY  OF  EAriTH  DISPLiCJ34SJT 

In  the  Summary  of  Field  Tests-  reasons  were  cited  for  the  need 
of  further  information  concerning  earth  motion  beneath  a  loaded  pave- 
mento  This  problem  was  approached  from  both  a  theoretical  and  experi- 
mental standpoint o 

General  Statement  of  Problem 

One  approach  to  the  problem  could  have  begun  by  finding  the  normal 
stresses  at  the  top  surface  of  the  earth  through  cc      .ng  the  pave- 
ment to  be  a  beam  on  an  elastic  foundation*  However s  a  first  apprczi-* 
mation  to  the  diEpIaeements  at  the  top  surface  of  the  earth  was  already 
available  from  experimental  data  on  land  and  it  was  therefore  decided 
that  the  deformation  of  the  eartj    -Id  be  considered  alone  in  terms 
of  a  specified  boundary  defcraatiorio 

The  earth  model  v*as  reduced  to  two  diaaisions.  giving  a  further 
simplification  in  the  theory  but  requiring  that. the  experiment  be  con- 
ducted so  as  to  reasonably  simulate  this  restricted  behavlopo 

There  was  no  complete  quantitative  knowledge  of  either  the  tangea=» 
tial  f-sMoa  or  the  horizontal  displacements  at  the  interface  between  the 
pavement  and  the  earth  although  it  could  be  assumed  that  both  the  stresses 
and  displacements  vanished  at  positions  far  from  the  point  of  application 
of  the  load* 

In  summary<j  the  earth  beneath  the  paveagnt  was  considered  to  be  an 
elastic  homogeneous  isotropic  medium  subjected  to  surface  loads  which 
caused  the  top  surface  to  assume  a  shape  varying  in  one  horizontal  direc- 
tion only<>  In  the  region  occupied  by  the  earth  the  equilibrium  equations 
in  terms  of  displacement  components  were  assumed  to  be  valid  and  were 
solved  subject  to  the  specified  boundary  conditions:  (I)  that  the  displace- 

a 


ments  must  vanish  far  from  the  load  and  (2)  that  the  vertical  displace--* 
ment  of  the  top  surface  was  a  known  function  varying  in  one  direction 
only  and  hence  gave  rise  to  a  plane  strain  conditior  in  tho  sartho 
The  horizontal  displacement  was  unspecified  to  be  detorsined  at  the 
proper  time-,  The  only  restriction  on  tho  horizontal  displacement  was 
that  it  be  intuitively  reasonable* 

The  selection  of  the  displacement  of  the  top  surface  was  made  by 
examining  the  deflection  of  a  point  on.  the  pa  as  a  load 

truck  was  driven  down  the  pavement  at  creej  that 

the  effect  of  either  the  fr  3ls  could      ?oxiffiatsd  by 

a  surface  that  varied  in  tee  direction  of  the  truck  :aotion  according 
to  one  cycle  of  a  cosine  curve o  Hence*  by  adding  two  such  curves-,  one 
with  a  large  amplitude  and  long  period  to  rep      the  deflection  du® 
to  the  rear  wheels  and  one  with  a  smaller  ampllt     .ia  smaller  period 
to  represent  the  deflection  due  to  the  front  . /e  was  obtai: 

which  very  closely  approximated  the  shape  of      fleeted  surface  of  the 
pavement  and  hence  the  upper  surface  of  the  earti  sits 

Thus  the  type  of  boundary  condition  for 

surface  was  assumed  to  be  an  infinitely  loi  ss-seb- 

tioaal  shape  of  one  cycle  of  a  cosine  curve =  (See  Page  _J3._)  ° 
Such  a  trench  might  be  approximated  experimentally  by  superimposing  the 
deflections  from  several  laterally  displaced  passes  of  the  test  trucko 
The  Theoretical  Problem 

Let  there  be  a  seol-infinite?  homogeneous 3  isotropic 9   elastic  medium 
whose  upper  surface  is  displaced  in  the  form  of  an  infinitely  long  trench 
having  a  transverse  profile  in  the  form  of  a  single  cycle  of  a  cosine 
curve o  Choose  a  set  of  axes  as  shown  in  Fig>  1  and  let  the  movement  of 
the  point  P  to  a  new  position  Y~  be  described  by  the  three  displacement 


4£ 


A3 


components  u»  v  &  w  in  the  s{  yiz  directions  r     ively* 

Due  to  the  nature  of  the  boundary  configuration  a  condition  of 

plane  3train  exists „  Hence.*  we  consider  only  the  u  (x»z)  and  w  (x?,z) 

displacassnts  of  a  typical  xs  z  half  plane.. 

The  e  ,uilibriua  equations  in  terras  of  displacements 

S  2.  y 


2-  2L  '? 


are  to  be  solved  subject  to  the  boundary  condi 

f 


3c)  Cl(XtO)       is  Lfied  at         .       1    . 


where   •%   and  cS  arc  rial*      Ions 

(i)  and  (2)  may  be  solved  indirectly  by  solving  a  more  general  set  of 
equations*  namely »  the  biharaaonic  equations 

§r< + *§k* +  it< = °      (3) 

-^"  4.  3    3-«t      +    Qjdt    =.-  O  (4) 

Solutions  were  assumed  in  the  form 

U 


al  beasxfBZB  eiew  snolrfiiloS 


i.      I'    .....  si;  bsausEB  eisvr  anoliwioS 


j  £i£  becujp.afi  ©lev?  zaoliuloZ 


te 


orsol  art  J  til  bmmoM  ntm  tnoliuloZ 


.il 


Or,s)  =  U(z)  ^^  ^^  <5) 


utCxj&)   ~  h/(%)c^otY  (6) 

since  one  could  visualise  this  type  of  syaaaatry  existing  in  the  problem 
Hence?  <*£   is  an  arbitrary  parasite: 

.  The  substitution  of      -ial  solutions  (.:•' 
(3)  &  (4)  to  the  fol  ordinal        itial  equations  for 

U  and  W  in  teruss  of  Z 


<d^       3*ia'd"i/    .,  **4U**'o 


d^ 


The  solutions  of  (1)   and  (8}s   upon  ations  of  ths 

boundary  condition  at  «ssss  s  are 


(B  -^Cs  )e 


V8*  (D+£%)*z 


[9) 


(10) 


where  BP  Gs   D9  and  E  are  undetermined  constants «  The  deflections  nay 
now  be  written  as 


*S  •  "^^ 


&  ^V>  ^i  ""  m5  **-C "S  )tr     ^j^of  c*  / 


(ii) 
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(12) 


Since  (11)  and  (12)  must  satisfy  the  original  partial  differential 
equations  (1)  and  (2),  we  find  by  substituting  (11)  &  (12)  into  (1)  and 
(2)  that 

3^0  (13) 

At  this  point  it  should  be  noted  that  the  freedom  to  specify  an 
arbitrary  boundary  condition  on    u  has  been  sacrificed  to  allow  the 
assumed  simple  type  of  solution  to  the  bihanaonie  to  represent  the  solu- 
tion to  the  problem  la  faot  the  solutions  are  bar     in  the  final 
form*  Since  B  »  D*  we  see  that  a  relation  between  the  specified  boundary 
condition  on  w  at  z  =  ©  and  the  values  of  u  en  the  boundary  has  been 
fixed o 

Solutions  of  the  form 

(Ji    vr  ff   «?    ^AAA*   od  'X  ff 


satisfy  aquations  (l)  and  (2)  and  all  boundary  conditions  except  the  one 
on  i?  at  a  a  ©*   This  will  be  satisfied  by  taking  t     per  sum  of 
solutions  (15)  such  that  on  the  boundary  a  =  o  .  ;es  to  the 

Fourier  integral  expansion  of  the  boundary  condition  there  *  Now  this 
boundary  condition 


may  be  expanded  into  the  Fourier  cosine  integral 


& 


Ji>      <u(r 


oC 


(16) 


Thus^  w«  choose  for      ttH.Xijs£) 


/Gib  -~-Oi 


w-faz)  =  dlrj^l 


which  then  requires  that 


o< 


d?  oL 


(17) 


a  (*,&)*: 4*rje  C. 


(18) 


(17)  reduces  to  (16)  for  a 
represent  the  solution  to 

The  integrals  in  (1?) 
of  elementary  functions  and 
evaluated  at  horizontal  pos: 
and  vertical  positions  ^  ~ 
On  no(p  47A  is  "hen 
for  Clfa&)    andtitfX>B) 
nr<nt   *s  ehcwn  as  a  funrt?.on  or 
representation  o^  +*•«  solutions  . 
drawn  lines  connecting  points 
connecting  points  having  e 

In  order  to  show  the  eff 
to  those  jast  obtained  were  si 
ia  sfcich  an  actual  record  of 


in  teriss 
They  ?jere 

—  ,"/*. 

sal  integration 
'"f.pure  *h«  c" is iln re- 
ps nf  "T-  Anntl,or 
48.  rs  are 

u   and  lines 

.lutions  similar 
shows  the  way 
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Isruek  was  deeoajposc      two  curves j  .  a  deflei 

due  to  the  front  wheels  and  fche  other  the  deflects 

wheelso  These  deflections  occurred  at  one  point  as  the  truck  was 

dr.iven  along  the  pa  vents  nt  at  creep  speed  a  re  a  plot 

deflection  versus      However  <>  si. 

pavoznent  used  :         iment  was  sufficiently 

vehicle  to  come  on  to  it  wj  a  at  it 

and  sines  the  speed  of 

of  the 
profile  of  the  give 

the  two  boundary  conditions  is  plausiblec  The  theoretical  motion  of  ths 
earth  beneath  the  synthesized  boundary  is      on  page  51. 
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■ibout  5  feet  a 
route  kl  a  hard  layer  of  earth  was  encountered  at  the  5-£oot  let     ,ie 
at  the  Airport  a  layer  of  earth  "was  encountered  under  thirteen  feet 
of  sand  fill.   Shis  layer  of  earth  in  turn  rooted  on  a     1  glad 
terrace. 

If  the  layer     rth  at  the  6-<  kX  has  a  higl , 

elastic  raodui  ach  as 

occurred  should  bs      ed. 
at  the  Airports 
gravel  helcrar,  a  c 

A  plot  of  theoretical  earth  e 
at  the  rear  •£'.'. 
obtained  at  route  hi  and  tfc-3  Purdue 
fhe  exper Smssta,! 
in  slope  described  earlier 
and  a  soft  layer  ir 
■been  extrapolated  In  such  -;- 
inhoasegehiety. 

Each  experimental  curve  was  normalised  to  the  n 
between  the  surface  of  the  earth  and  the  d  a  ooint*  A  half 

wavelength  of  j  feet  vias   chosen  from  an  analysis  of  a  test  truck  dls     ent 
record. 

Since  the  measured  displacements  wore  normalised  with  3     b  to 
relative  displacements  it  was  not  possible  to  assign  an  absolute  value  to 
any  ooint  in  the  experimental  curves;  as  a  consequence  the     ?ime«tal 
curves  were  arbitrarily  matched  to  the  theoretical  curva  at  its  origin  and 
at  16  re'eto 
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3A-CHANNEL  RECOttDEii 

General  Description 

The  14~channel  recorder  has  been  designed  specifically  for  use  with 
Schaevitz  04GL  and  125S-L  linear  variable  differential  transformers  and 
consists  of  two  separable  7~channel  amplifying  and  control  units,  one 
14~channel  tape  recorder;,  and  a  play  back  device  *  The  complete  system 
(shown  in  ?as*B   ,  5f*iM  )  may  be  used  to  record  fourteen  simultaneous 
events  on  magnetic  tape  or  it  can  be  separated  into  two  units?  each  of 
which  can  be  used  to  drive  seven  1500  ohm  recording  ^aivanoaeters*  The 
separated  system  is  shown  in  Pwes   _  "P  t  and  60  o  Ptve   &1   shows 
a  rear  view  of  one  unite  A  view  of  instrument  in  use  in  the  field  is 
shown  in  Pa*>«  j£gL,° 

Each  amplifying  and  control  unit  contains  seven  •amplifiers,?  seven 
frequency  modulating  unitsa  seven  power  amplifiers  for  driving  galvano- 
meters 9   oscillators  which  generate  voltages  at  30200Q  cycles  per  second 
and  2j000  cycles  per  second^  two  power  amplifiers  to  provide  energy  for 
diffferential  transformers 9   a  vacuum  tube  voltmeter*  and  control  and 
interlocking  circuits 0  The  rectified  30KG  voltage  is  -^sed  as  a  bias 
for  power  amplifiero  The  2KC  volt-age  drives  the  pow*     Lifiers  which 
serve  as  energy  sourees  for  differential  transformers  One  of  these 
sources  may  be  adjusted  to  three  volts  and  will  drive  seven  040L  trans- 
ducers •  The  other  may  be  adjusted  to  7  volts  and  will  drive  one  125S  -L 
transducer - 

Mode  of  Operation 

The  basic  elements  of  a  single  recording  channel  consist  o. 
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2000  cycle  source  voltage^,  a  transducer  which  is  supplied  by  the  2000 
cycle  source „   an  amplitude  and  phase  controllable  voltage  which  is 
obtained  from  the  2000  cycle  source  arid  which  my  be  added  to  the 
output  signal  of  a  transducer $  a  voltage  amplifier  for  amplifying 
transducer  signals,  a  frequency  modulator  for  providing  an  F> 
signal  for  the  tape*  and  a  power  amplifier  for  driving  a  1500  ohm 
galvanometer o 

k   simplified  block  diagram  of  a  slngL  In  V^f^  ^f 

A  representative  calibration  curve  for  a  differential  transformer 
is  shown  in  Page  ^J§£Lr    Since  the  phase  of  the  transformer  output  shifts 
180  as  the  transformer  core  passes  through  ;.  sessary  to  detect 

such  phase  shifts  when  they  occur0  as@  controllable 

additive  carrier  voltage  has  beei:  The  prin« 

ciple  of  using  the  addi'  dateet  phase  shift  is 

demonstrated  in  the  block  die 

Circuit  arrangements  have  I  -.rrier  nay 

also  be  used  to  introduce  3  a  tiiaa  coordinate 

and  to  introduce  coding  pulses  for  _ecord  identification ? 
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